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DEFINITIONS

P/M
This is the abbreviation that refers to the powder
metallurgy process used to create semi- and fully
dense components from metal powders.

PM
This term refers to “Powder Metallurgy and
Particulate Materials”, denoting the use of the P/M
process with both metal and non-metal particulate
materials. PM is used to refer to the industry which
uses these materials to create components.
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Overview of PM Industry Vision and Technology Roadmap
2

Increase non-automotive markets
by 25% per year through 2020

STRENGTHENING AND FINISHING

PROCESSING CHALLENGES

FORMING

MANUFACTURING SCIENCE

ADVANCED COMPACTION

3-D FORMING

RAPID MANUFACTURING

EQUIPMENT AND TOOLING

Enhance productivity by 5% each
year through 2010 and 8% by 2020

Increase automotive market
by 12% per year through 2020

PRODUCTIVITYAUTOMOTIVE

NON-AUTOMOTIVE

Achieve six-sigma quality for
all components by 2005; achieve
AGMA 9 by 2005 and AGMA 10
by 2020 at six sigma

Increase university and technical
school graduates entering the
PM industry by 500% by 2010

2

QUALITY
HUMAN RESOURCES

Reduce overall energy consumption
by 50% by 2010 and 80% by 2020

ENERGY & ENVIRONMENT

MODELING

CROSS-CUTTING CHALLENGES

DESIGN TOOLS

SENSORS AND CONTROLS

TESTING AND DEMONSTRATION

STANDARDS

R&D STRUCTURE

Develop new energy efficient
sintering techniques

Minimize process interruptions
to move to more continuous
production

Methods to achieve full
density with tight dimensional
tolerance cost effectively

Rapidly form complex
3-D components (selective
laser sintering, rapid prototyping)

Systems for more rapid
manufacture of products

Increase automation, uptime,
and speed

Non-traditional processing
techniques

User-friendly math-based
process models

Use new or existing sensor
technology in innovative ways

Develop a web-based
design advisor

Establish agile PM test-bed
facility to gather data

2

Develop standards closer
to actual application

Form collaborative
partnerships with other
industries and government

Explore fine particle and
nanocrystalline powders

Improve understanding of
powder microstructure-
performance relationships

Study method of cosintering
composites with different
materials

Explore new materials to better
understand properties, processes,
and potential applications (fine
structured, amorphous, etc.)

POWDER PROCESSING

MATERIALS CHALLENGES

NEW MATERIALS

MATERIAL SCIENCE

COMPOSITE MATERIALS

Insufficient knowledge of
porosity-property relationships

Shortage of thermophysical
data for new materials

Inability to compact to 100%
density with dimensional
accuracy at low cost

Lack of 3D forming processes
for large components

Lack of process models and
in situ sensors for materials
and process controls

Shortage of non-intrusive
sensor materials

MATERIALS PROCESSING ENABLING

MARKET GOALS

M
A

R
K

E
T

A
N

D

T
E

C
H

N
IC

A
L

G
O

A
L
S

TECHNICAL GOALS

K
E

Y

C
H

A
L
L
E

N
G

E
S

R
E

S
E

A
R

C
H

T
H

R
U

S
T

S

A
N

D
P

R
IO

R
IT

IE
S

V
IS

IO
N

T
E

C
H

N
O

L
O

G
Y

P
L
A

N
N

IN
G

L
O

G
IC

F
L
O

W

GOAL: GOAL:

GOAL:GOAL:

Reduce total time to market from two
years to six months by 2010 and one
month by 2020

TIME COMPRESSIONGOAL:

GOAL:

GOAL:
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Powder Manufacture Tooling & Equipment

Components Production

• Solid State
Reduction

• Chemical

• Atomization
• Electrolysis

• Powder Forging
• Isostatic Pressing

• Press & Sinter
• MIM/PIM

Annual Sales $2.0 billion
Employees 6,000
No. of Companies 400

Annual Sales $300 million
Employees 3,700
No. of Companies 100

Annual Sales $5 billion
Employees 30,300
No. of Companies 700



PM2 Industry Vision and Technology Roadmap

#��
$@%
�������
������
��
������
�	������	
��
�		��
���
���
����
	���������
��

����
��	
���
���
�������
��
�

���

*�������
��
���
������
���
�������

��
�����

��
�
������		�
!
����������
�������
��
���

���
������	��
����		������		�
�������
��	����
��
��	�
������		�
��	�����

#��
���������
���
��
����
�
�������
�� 
�

������	
�������������
��

���������
������
����
��
��������
�� ����
��������
����		����
����������
����
���������
�	������	������
��

�����
���������

*
����� 
������	���
��������
���
����
�� 
���
�����
����
��������
�� 
���
$%�
��
�����
��
��������

��	���

�����������	�
����

#��
�����
����
��
���
�����		
$@%
�������
��
��&���
����	
���
����

#����
���
����
����
���������
���

��
���
��
���
������:
��	�
!�����
��
�������
����� ������
�	�����	�����
��

�������	�

����������������	���


4�
��	�
!�����
��
�������
��	����

���
��
������
�
����

����
�
��
�����
�������
6�����
������7�
��

�����

�������
�
����������
��������

4�
���
��������
�
��������
��&��
�	���
����
	�����
�
��&�
�� 
������
����	
�����
��
����
������
�
��������

����
�		
���!����		��
�������	�
��

�����

��
���
���
���
���

0����
��
��������
���������
��
����	��
�
���
������
�� 
���
���
��
��

����
���
��
���
������
�� 
���
���
�������	��

#��
������	��
������!	�&�
������	��
���
�����
���
�	�
����������	��
��

����
��������
�� 
���

���!������
6D�����E7
���������

����������


4�
����
��������
��	���
����	
��
��������

����
���		

���	���
��

��� ��
����
	�
������
���

����
����
����
�������
����
����
�����
��
����
�
��	�

��������

#�����		��
�
����
������
��
��	���
����	
��

�����������

��
����������
��
��
���
������
�� 
����!������
����
�� 
���
��
	�"��
�


4�
�������	��
���
������"��
��
���	����	�
��
�		
����	�
����
���
��
��	��

��

��
���

���������		�
���
���
���
������
�� 
�����
�������
�		��
����	��
������
���� �.
	��!��	����!
�����
����	�
����
��
�	�������
����
	��
�
 ����
��

��
����.
��
�
��
��	����

����������
���������
���������
��������
��

�����
����!��	����!�����
�������	��

���	�
������

'�
��������
������	�
���
�������
����
��
�	�����	���
�����������
��

��������������
������������
��

�������

�������
����
����	�
���
��

�������

��
�
������
��
���
���
������

5������
����������
F
��������

������
��
������
�����	����
��

��������
F
��
�����

B

ENERGY REQUIREMENTS

(MJ PER KG OF FINISHED PART)

0 20 40 60 80 100

Powder Metallurgy

Casting

Cold/Warm
Extrusion

Hot Forging

Machining

29

38

41

49

82

RAW MATERIAL UTILIZATION

(PERCENT UTILIZATION)

0 20 40 60 80 100

Powder Metallurgy

Casting

Cold/Warm
Extrusion

Hot Forging

Machining 50

80

85

90

95
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Raw Materials

Sintering

Repressing
Coining
Sizing

Resintering
Forging
Rerolling
Metal Infiltration

Optional
Finishing Steps

Mixing

HOT COMPACTION COLD COMPACTION

Forming

Optional
Manufacturing

Steps

Machining
Heat Treating
Steam Treating
Plastic Impregnation
Plating
Tumbling
Oil Impregnation
Shot Peening

Elemental or
Alloy Metal, Ceramic

Powders

Additives
(

Die
Lubricants)

Graphite, Polymers
or Resins,

Vacuum
Atmosphere

Finished
Products

Isostatic
Extrusion
Die Compacting
Spraying
Sintering
Pressureless-Sintering
Hot Pressing
Selective Laser Sintering

Die Compacting
Isostatic
Rolling
Injection Molding
Slip Casting
Extrusion

THE POWDER METALLURGY PROCESS

Semi-Dense
Fully Dense
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MOST CRITICAL TRENDS AND DRIVERS

Decreased auto industry dependence on
internal combustion engine

Growing customer demand for high-
performance materials

Shift in net-shaping to less reliance on machining
and sintered cutting inserts

Increasing need for more precise net-shaped
manufactured products

Move to agile manufacturing while reducing
downtime and achieving six-sigma quality

Increasing supply chain integration through
total process modeling and e-business

Limited supply of skilled workers and
limited resource base to attract new workers
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�C

TRANSPORTATION: TECHNICAL AND PERFORMANCE BREAKTHROUGHS

MEDICAL/BIOTECHNOLOGY: MIMICKING NATURAL GROWTH PROCESSES

ELECTRICAL/MOTORS: MAGNETIC MATERIALS AND MICROMOTORS

CUTTING TOOLS: COST REDUCTIONS VIA NANOPARTICLES

Historically, the transportation market has been the most technically demanding market
served by the PM industry, whether it is the automotive or aircraft segment. The value
and opportunity for PM is derived from the need for performance and reliability. The
auto segment offers volume to provide the cost support necessary to achieve technical
breakthroughs. The aircraft segment offers the high value of each component (wherein
many cases, cost is less a concern than reliability and performance) to justify the
development of new technologies to realize performance breakthroughs. Material system
selection and improved consolidation techniques have enabled those breakthroughs. The
industry expects that this market sector will continue to offer similar opportunities.

The continued development of insulated powders for hard and soft magnetic
applications will fundamentally change the opportunities for the design of motors.
Designers will no longer be constrained to use stacks of laminations to build motors.
The flexible shapes that can be pressed or molded into stators and armatures using PM
consolidation techniques and powders without a loss in electrical performance
characteristics will revolutionize this sector. In addition, advanced consolidation
capabilities will enable production of “micro” motors using new materials. With the
advent of hybrid propulsion systems for transportation, the design and weight
advantages of PM will presage a major market opportunity for the technology.

PM technology has enabled the significant advances achieved to date in cutting and
forming tools used in all metal removal processes. The use of new “harder” and
tougher materials will continue to permit advances in machining and forming. These
advances will be enabled by using nanoparticles of various materials and existing metals
and ceramics to achieve breakthrough performance. The value of this technology
cannot be underestimated in its importance to continued metal processing productivity
and cost reductions.

2

2

2

2

2

2

2

2

The ability to cost effectively provide complex net-shape design options without
extensive machining requirements will continue to attract designers in this sector to PM .
In addition to the shape of the components, the unique flexibility inherent in PM to
provide complex, definable material structure and particle morphology will be viewed as
a unique advantage of the technology. PM ’s particulate, “building block”, consolidation
capabilities that do not require the damaging effects of melting and solidification will
offer this segment the opportunity to develop fabrication techniques that will most
closely mimic natural processes of growth and formation of structures. The material
selection options for strength and biocompatibility will offer unparalleled future
opportunity for technical success.

SELECTED MARKET SECTOR BRIEFS



PM2 Industry Vision and Technology Roadmap

�;

���������
�����	����

	������

#��
$%�
��
�����
������

��������
��
��
�����
�����	�
�� 
"���&	�
����	����
���
�������!"��	���
����������
��
�

������
��������
����
�����
�
�����

�������	�
��

����������
������	�����
��
������
��������
��	���

#���
������
��		
���
��
������

�������
�����������
�����������
��
������	���

���	�������

��������
��
����
����
��
�������
��
���
���������
���
��������
��


���	������
���
	�����
�

*����
���	��
�
���������
��������
��
������	���
����������
��
���
�

��
������
�����
�����������
���
������

��
���
����
�������	
���
�
�� 
���
��
������

��������	����
��

#�
��	�
�����
891
������������
���
$%�
��
�����
���
�����	����

����
��������	
���	�
�����
�������
���
���	�
���
���&��
������

�������

��
�������
B�
#����
���	�
�����
�
�����
��
�������	
���������������
�� 
���
$%�

������
F
���������
�����������
"���&
����
��
���&���
��������
"��	���
��

����������
�&�		�

�����
����������
��

������������	
������������
�		
�� 
�����
�������
��
�������
���
��	��
�� 
$%�

�����������

#��
���	�
�����
�
�
�������	
��
�������
�� 
�����
���
��
�����
��		

�����
���
��������
�������
����
���
����
��
������
#��
��
�����
���
�	��
�����	����

������	
����������
��
�������
����
���	�
2��	�
���
���	�
���
���!���������
���
����������
����
��
�������
�� 
��������
�����
�����
891
��
���
�

����
���
������
�� 
���
����
���
��
��
������

�����
�
�
��
����������
��
�����
�
���
����
��	��
��
���������
��
���
&��
��
���������	
���&��
�������

4�����������
��
���
��������
����
�
������
������
��
���
��	��
$%�
���������
���
������

4��������
�"�������
	���
��		
��	�
�		������
���
���������
����
�
������	!
���������
��
�����
����
��
$%�
���������
��
�������
��
����������
������
4����������
���
��
�����
�������
�!��������
��		
�������
�����		
��
������	
���
��������
��
��������
����
�		
�������
�� 
���
����	�
�����
���
���������
��
��������

�������	�������
�
� 	� 	31	���	 ���	�������	02/2	���	41
�������	0202�

<

4�������
��	��
���
���	����

<

4�������
���
����
�� 
������	
�"�������.
��������
���	
	���

<

5�		�
���������
���
��
�����
�������
�!��������

�
�����������
��

#���
��
���&��
��
�������	
��
���������	���
���
����
$%�
����������
1���������
�����
����
��
���&��
��		
��	�
������
$%�
���������
��������
��
�����
�
���
�������!��	��
��	�����
���
���

PM INDUSTRY STRATEGIC GOALS

Markets and Customers: Achieve 12% annual
market growth for automotive markets and 25% for
non-automotive markets through 2020.

Productivity: Enhance productivity by 5% every
year through 2010, and 8% through 2020.

Time Compression: Reduce total time to market
from two years to six months by 2010, and one
month by 2020.

Quality: Achieve six-sigma quality for all
components by 2005; achieve AGMA 9 by 2005
and AGMA 10 by 2020 (at six sigma).

Human Resources: Increase university and
technical school graduates entering PM industry

2

by 500% by 2020.

Energy and Environment: Reduce overall energy
consumption by 50% by 2010 and 80% by 2020.
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MARKET GROWTH

ENABLING

MATERIALS PROCESSING
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Overview of PM Industry Vision and Technology Roadmap
2

Increase non-automotive markets
by 25% per year through 2020

STRENGTHENING AND FINISHING

PROCESSING CHALLENGES

FORMING

MANUFACTURING SCIENCE

ADVANCED COMPACTION

3-D FORMING

RAPID MANUFACTURING

EQUIPMENT AND TOOLING

Enhance productivity by 5% each
year through 2010 and 8% by 2020

Increase automotive market
by 12% per year through 2020

PRODUCTIVITYAUTOMOTIVE

NON-AUTOMOTIVE

Achieve six-sigma quality for
all components by 2005; achieve
AGMA 9 by 2005 and AGMA 10
by 2020 at six sigma

Increase university and technical
school graduates entering the
PM industry by 500% by 2010

2

QUALITY
HUMAN RESOURCES

Reduce overall energy consumption
by 50% by 2010 and 80% by 2020

ENERGY & ENVIRONMENT

MODELING

CROSS-CUTTING CHALLENGES

DESIGN TOOLS

SENSORS AND CONTROLS

TESTING AND DEMONSTRATION

STANDARDS

R&D STRUCTURE

Develop new energy efficient
sintering techniques

Minimize process interruptions
to move to more continuous
production

Methods to achieve full
density with tight dimensional
tolerance cost effectively

Rapidly form complex
3-D components (selective
laser sintering, rapid prototyping)

Systems for more rapid
manufacture of products

Increase automation, uptime,
and speed

Non-traditional processing
techniques

User-friendly math-based
process models

Use new or existing sensor
technology in innovative ways

Develop a web-based
design advisor

Establish agile PM test-bed
facility to gather data

2

Develop standards closer
to actual application

Form collaborative
partnerships with other
industries and government

Explore fine particle and
nanocrystalline powders

Improve understanding of
powder microstructure-
performance relationships

Study method of cosintering
composites with different
materials

Explore new materials to better
understand properties, processes,
and potential applications (fine
structured, amorphous, etc.)

POWDER PROCESSING

MATERIALS CHALLENGES

NEW MATERIALS

MATERIAL SCIENCE

COMPOSITE MATERIALS

Insufficient knowledge of
porosity-property relationships

Shortage of thermophysical
data for new materials

Inability to compact to 100%
density with dimensional
accuracy at low cost

Lack of 3D forming processes
for large components

Lack of process models and
in situ sensors for materials
and process controls

Shortage of non-intrusive
sensor materials

MATERIALS PROCESSING ENABLING

MARKET GOALS
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GOAL: GOAL:

GOAL:GOAL:

Reduce total time to market from two
years to six months by 2010 and one
month by 2020

TIME COMPRESSIONGOAL:

GOAL:

GOAL:
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Insufficient knowledge of porosity-property relationships

MATERIAL SCIENCE

- Uncertainty with assumptions made in materials characterization

Incomplete knowledge of relationships between material phases/constituents,
properties, and performance

Inconsistent understanding of material science (in its application to particulate
materials) throughout the industry

Shortage of thermophysical data, specifically for new materials
Resistance to the qualification of new materials and processes due to lack of
standards and material property data

Inability to manufacture large volumes of composite materials at low cost
Lack of methods to sinter functional laminates

INNOVATIVE MATERIALS

COMPOSITE MATERIALS

Exhibit 5-1. Enhanced Material Properties and Performance – Critical Barriers

Difficulties controlling critical powder characteristics (e.g., surface
contamination, size distribution, etc.) during powder production

- Inconsistency and limited repeatability of powder production

Inability to process, handle, and monitor fine powders

Lack of standards for blending powders

POWDER PROCESSING

- Problems include flowability, mixing, and health and environmental concerns
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Near-Term

2001 2004 2010 2020

Mid-Term Long-Term

ENHANCED MATERIAL

PROPERTIES AND

PERFORMANCE

MATERIAL

SCIENCE

NEW

MATERIALS

Materials for alternative
fuel vehicles
(fuel cells, hybrid, etc.)

New materials development using
existing technology

Novel alloy production

Low-creep, high-temperature materials

Property data for light-weight materials
(MMCs)

Understanding of process-
microstructure-performance
relationships

Research material properties between
90% and full density

Thermophysical data development

Understand new material properties,
processes, and applications (100%
engineered materials, functionally
gradient materials fine structured,
amorphous, metallic glasses, etc.)

Materials single-pressed to full density

Material with elastic modulus 50% greater
than steel

Self-sintering powders

Fundamental porosity-property studies

Biomedical materials research

Research organic powder interaction
(metal-powder interface)

Ability to predict properties from
microstructure

Study compatibility of functionally gradient
materials

Innovative magnetic
materials

Customize products
based on application
of material science
principles

COMPOSITE

MATERIALS

Study the feasibility and
performance/cost benefits for
composites

Methods to add value to structures in
the P/M phase

producible from powders

Co-sintering composites with
different materials

Low-cost composite materials
applications

Custom composite
powders of different
materials (biological,
plastics, etc.)

POWDER

PROCESSING

Novel approaches to conventional
powder manufacture

Assess powder measurement
techniques using inter-laboratory testing

Fine, clean powder use to facilitate
full density

Powder handling technology as it
relates to powder uniformity

Fine particle technology and
nanocrystalline powders

- compaction
- material properties
- sintering

Improved atomization technology
(particle size distribution)

Blending and dispersal methods for
powder mixtures

Research particle reactions, intense atomization
processes for droplet control (in situ
composites with tolerance control)

Economic manufacture
of sub-micron particles
at production scale



PM2 Industry Vision and Technology Roadmap

�=



PM2 Industry Vision and Technology Roadmap

GOAL

GOAL

GOAL

�,

�
�������
������������

���������		���
%������������
��

����������
���
����
���
�����
���
���
$%�
��
�����3�
�������
����
���
����
;�
������

'������
���
$@%
�������
���
��
���

��
���
���
����������
��

���������

�������
����
�����
������
��	��
����
�����
����	
�������
����������
���
�������
����	� 
��

���
��
��
���	��

���
����
���
���	
������
�� 
�����������
�
��������

'��	
���
��
����
�
�������
��
��������
���
������	�����
���	���

��	��
��
��������	
��
�����������
����
�
���

#��
$@%
�������
����
��
���������

����
��������	
�
������
��
�������	�
��
��		
��
����	���
������	�����
����
��
�������
��

��
�	���
��
������
���
����
������������

�������
��
�����
���

��

�	����
��	��
��
����������

#�����������
���
$%�
��
�����
����
��
�
�����

�������������
��
�����
��
���
�� 
���
����
�����������
���		�����
���
��
�����
�����
��
���

*��������
����

�������������
�����
���	�
�	��
���������
"��	���
��


���������	
������	
��

�����
���
���
�����
�� 
�� ��
��

����	�����
���
$%�
����������
��
���
���		�����

*
����

�����
�� 
891
���
�

�������

��
����
�������
��		
��	�
���
��
�����
����
����
���		�����

���
��	�����
��

4��������
�������������
��

����������
��		
��	�
���
$%�
��
�����
���	� �
������	
�� 
���
��������	
���	�
���	���

��
�������
C�

#��
��������

�������

��	��
��
����

��

���	��
����
���
������	�����
����
��		
��&�
�����������
��������
�����
�
�		
�� 
���
��
�����
���	��
���
����

�����	�
������
���
��		�����
�����
���	�:

�������	�������
�
� 	� 	31	����	 ���	�������	02/2	���	41
�������	0202�

'��
���	�
�(�
���	%���
� 	���	���	����������	� 	02238	
������
����������	��	���
���	'-
'	5	� 	0223	���	'-
'	/2	� 	0202	��
�
�	�
����

*�����	�������	����� 	��������
��	� 	321	� 	02/2	���	421	� 	0202�

4�����������
��
�������������
��������
����������
������"����
��

����	�
�����
�����������
��		
�����	
���
��
�����
��
�
��������
�� 
�������

���������������
��
���
��

��������
���&����
��

����
���
��������

�������

��
����
�������
��		
�	��
����
�
�����
���
������
��
���
���&��
��

�����
���	��

������
���
������

#�
�������
���
���	�
�� 
���������
���
��������
���	�
���������
"��	���
��

���������
��

��
�����
������
������������
�����������
��������	
�
������
��		
��
��"����
�

?������
=!�
	����
������	
�������	
��������
����
��
��
	����
���
�������������
��

����������
������	�����
��
���
$%�
��
������

*

�������
��

����������
���
��������
�������
���������
������	���

���	������
��		

��������
���
�������
�� 
���
��
�����
��
���	� ���
����������
���&��
������
����
���
����
��
������

6



PM2 Industry Vision and Technology Roadmap

�>

Exhibit 6-1. Improved Processing and Manufacturing – Critical Barriers

Limited size range in component forming and processing

MANUFACTURING SCIENCE

Property variation within parts
- Lack of methods to measure critical variables such as density inhibits greater
part uniformity

Inability to predict the long-term behavior and consistency of a part produced from
a given batch

Difficulties creating controlled porosity

Tendency to develop point solutions rather than underpinning technologies for
multiple applications

- e.g., biomedical, lightweight, telecommunications, and other applications.

Inadequate alloys and finishing processes to provide superior corrosion resistance
Unknown correlation between surface and near-surface properties as a function of
finishing processes

STRENGTHENING & FINISHING

Lack of predictability in current sintering methods

ADVANCED COMPACTION

Inability to compact to 100% density with tight dimensional control and accuracy
at low cost

- Presence of residual pores in PM parts
2

Excessive use of and ineffective lubricants
- Insufficient friction reduction adversely effects compaction energy, energy gradients,
and size

High frequency of green density variations
- Component complexity is accelerating faster than equipment control methods

3-D FORMING

Lack of efficient, accurate, and cost-effective 3-D forming process for large
components

RAPID MANUFACTURING

Inability to utilize rapid manufacturing in production
Sintering process can be time consuming
Inability to rapid prototype to production-level tolerances

EQUIPMENT AND TOOLING

Inability to process increasingly complex shapes while adhering to more
strict design tolerances
Increasing capital intensity in relation to sales

WASTE REDUCTION

Lack of scrap and waste recycling technologies (e.g., planned design and
separation technology)
Meeting current and future environmental regulations
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B�

Near-Term

2001 2004 2010 2020

Mid-Term Long-Term

More easily removable,
lower-friction lubricants

Wear-resistant die materials
or coatings

Material and process systems to
eliminate porosity cost effectively with
tight tolerances (powder design,
reduced lubricants, higher-density
compaction, and enhanced sintering)

Improved MIM part debinding

Low-cost compaction devices

Reduce process variations to
improve tolerances

Materials and processes to make
large and small parts economically

Improved welding and joining techniques

Methods to tailor powder fill
- increase powder fluidity/uniformity
- decrease lubricant use

Non-traditional
processing techniques

MANUFACTURING

SCIENCE

Accurate, rapid measurement of
localized green properties

Novel applications of current
processing techniques

Higher efficiency furnace designs
(productivity and energy)

Minimize process interruptions to move
to more continuous production

Understanding of basic process phenomena

Understanding of density variation impacts
on tolerances

Manufacturing process flexibility

Form and sinter
in one process

ADVANCED

COMPACTION

3-D
FORMING

Research factors critical to
3-D forming

- filling, pressing, and tooling
- low-friction materials, improved
lubricants

Rapid formation of complex 3-D
components with high density and
tight dimensional control

- as fast as current 2-D technology

Binder research
- high metal-binder ratio
- cold-form spherical powders
- complete binder removal

New techniques for
large 3-D components

- plastic molding
- sintering
- infiltration

IMPROVED PROCESSING

& MANUFACTURING
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BB

Near-Term

2001 2004 2010 2020

Mid-Term Long-Term

STRENGTHENING

AND

FINISHING
Sintering aids to improve efficiency
- low-cost production of coatings

for powders to aid sintering

Improved green compacting
and sintering

New sintering techniques with rapid
energy transfer (e.g., microwave)

Improved heat treatment (induction,
laser, etc.)

Engineered surface properties
through heat treatment

Machining cost reduction

Processes and
materials that
eliminate sintering
and de-lube

RAPID

MANUFACTURING

Systems for more rapid
product manufacturing

Rapid tooling capabilities

Rapid product
development cycles
(from concept to
finished
component
in less than
one week)

EQUIPMENT

AND TOOLING

Improve equipment speed and
capacity to improve capacity utilization

Low-cost, low-volume, quick-change
tooling

Diagnostic methods that ensure
equipment is yielding consistent product

Advanced equipment and tooling
- increased uptime
- completely automated
- minimal maintenance

WASTE

REDUCTION

Improved process scrap recycling
and utilization

Process waste reduction technology

Lower gas and atmosphere consumption

Robust multi-gas analyzers for dirty
environments
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Exhibit 7-1. Enabling Technologies and Infrastructure – Critical Barriers

Inadequate material and process modeling capabilities (e.g., sintering)pressing and

MODELING

Lack of in situ sensors for closed-loop controls and quality assurance
- Inability to measure internal cracks in green parts online

Limited process and product control methods

Lack of adequate diagnostic methods to evaluate powder fill and green parts

- Lack of sensors to optimize gas supply systems and gas use during sintering

- Inefficient temperature control for both process heat removal and addition

SENSORS, CONTROLS, AND DIAGNOSTICS

Lack of an integrated database to assist designers in achieving desired
performance characteristics

- Lack of fundamental phase equilibrium and other data to optimize powder and
product design

DESIGN TOOLS

TESTING AND DEMONSTRATION

Insufficient effort to promote PM industry as a manufacturer of unique parts
with unique properties

2

- PM often perceived as offering poorer properties regarding strength, fatigue,
toughness, wear, etc.

2

- Customers unaware of all PM capabilities
2

Lack of accelerated testing and long-term testing data

Insufficient investment in powder material technology and capital equipment
Limited network of knowledge

- Lack of strategic alliances between powder, equipment, component, and
customer companies

Limited success in attracting qualified technical and professional staff to the industry
- Limited resources and incentives

- Inadequate resources available for education

INDUSTRY RESOURCES

Limited R&D funding (basic and specialized PM applications)2

- Prolongs cutting-edge innovation and market expansion

Minimal information sharing throughout different sectors of the PM industry2

- Inhibits coordinated industry-wide R&D initiatives

- Shortage of partnerships among small companies within the PM industry
2

Industry’s inability to escape near-term mindset for R&D

R&D STRUCTURE

Absence of global, uniform design standards and data
Lack of electronic communication standards (XML) to facilitate supply chain
integration

STANDARDS

SUPPLY CHAIN INTEGRATION

Incomplete interface between powder maker, equipment/tooling suppliers,
powder user, and final customer

- Inadequate communication of customer powder/component property needs
- Long-lead time for customer acceptance

Lack of concurrent engineering with customer
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ENABLING

TECHNOLOGIES &

INFRASTRUCTURE

Free-form
manufacturing
design tool and
device (build part
particle by
particle, no tooling)

DESIGN

TOOLS

Designer education (at school and
on-the-job mentoring)

Risk management tool for designers

Internet-based design advisor
- material selection
- process selection
- design rules
- performance
- error budgets

TESTING

AND

DEMONSTRATION Establish agile PM test-bed facility
for gathering data

2

- demonstration test bed for integration
of process models, sensors, and
NDE diagnostics

Improved availability of pilot-scale
facilities

Demonstration projects using
integrated design teams
across companies

Accelerated life-cycle
testing methods

Near-Term

2001 2004 2010 2020

Mid-Term Long-Term

MODELING

Widely available user-friendly, math-
based process models with realistic
constraints

Modeling of degradation during service life

“Virtual reality” 3-D plant simulation for
use in design, scale-up, and education

Complete predictive
mechanism of
component
degradation and
critical failure
mechanisms

Modeling of complete
forming and
strengthening
processes
for a component

Process modeling for pressing,
sintering, gas flow in furnaces, and
other processes

Supply chain for integration
- use with e-business

SENSORS,

CONTROLS,

AND

DIAGNOSTICS

Understanding of critical parameters
to monitor and interrelationships for
quality

Enhanced control over powder
uniformity

Advanced controls for more
more accurate green compacting
and sintering

Low-cost diagnostics techniques to
rapidly evaluate critical performance
characteristics of powder and green
components

Non-intrusive, stable sensor materials
for process control

Novel use of new or existing sensor
technology to monitor particle size,
particle size distribution, flow rates,
and furnace conditions

System-based, closed-loop feedback
controls (sintering problem feeds
back to earlier process)

Robust multi-
gas analyzers for
dirty environments
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C�

R&D

STRUCTURE

Nurturing environment for
formulation/implementation
of innovative ideas

Multi-disciplinary university consortia

Collaborative partnerships with
other industries (e.g., finishing
industry, lubricant manufacturers,
ceramics industry, fiber-reinforced
material producers, etc.)

Near-Term

2001 2004 2010 2020

Mid-Term Long-Term

SUPPLY

CHAIN

INTEGRATION Time-to-market scheme more
responsive to customer demand

Improved communication
among supply chain, end users, and
R&D personnel

Modeling and e-business for
supply chain integration

Design and implementation of
electronic communication standards (XML)

INDUSTRY

RESOURCES

Increased commitment to R&D

Internet-based education program

Increased technology demonstration
support

Assessment of industry-wide long-
range resource planning

Widespread knowledge of competing
technologies

Cost-effective funding sources for
R&D and capital formation

Structure for PM R&D venture capital and
equity to be funded by industry, for
industry

Education programs (textbooks) for composite
materials, new materials, and new processes

2

Accurate
prediction of
needed
properties,
tolerances,
and human
resources

STANDARDS

Accelerated property standards
development (including global
standards)

Standards development that considers
application

New standards based on most accurate
process data available
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TOP-PRIORITY RESEARCH NEEDS

� Develop 3-D forming processes and exploit advanced pressing, tooling, low-friction
materials, lubrication, and fill technologies

� Develop material and process technologies to achieve 100% density while maintaining
dimensional tolerances and cost-effectiveness

� Develop innovative materials, processes, and material combinations to create advanced
material capabilities

� Develop integrated process models, sensors, and NDE diagnostics
to reduce process variation, improve tolerances, and improve process

and supply chain efficiencies

that tie industry together
from user to supplier

�

�

Conduct fundamental characterization studies for new materials: determine property-structure-
performance relationships

Minimize process interruptions to move to more continuous production

8
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IMPLEMENTATION

• Resource integration/allocation
• Testing facilities
• Identify priorities/applications
• Cost-benefit evaluation
• New process and technology

development

• DOD–Military aircraft and tank
applications; part configuration

• NIH–Medical implants
• Navy–On-board fabrication
• DOE–Rapid prototyping of

fill methods
• NDE capabilities at DOE labs
• NASA–Construction materials;

lightweight materials
• NIST/ATP–Facilitate vertical

collaboration between powder
makers, equipment providers, part
makers, & OEMs

• Technical and financial resources
(risk mitigation)

• Organization and funding of pre-
competitive models

• Polymer and chemicals industries
• Universities
• MPIF, CISP, PMRC, and other

industry groups facilities vertical
collaboration among PM
companies and with end-users

• CPMT–Facilitate horizontal
collaboration

• End-users willing to implement
newly introduced technologies

2

GOVERNMENT ROLE POTENTIAL PARTNERS

• Tooling design and techniques
- modeling
- coatings
- finite element analysis
- time compression
- adjustability
- soft tooling

• Processing design and techniques
- isopressing
- solid free-form fabrication
- magnetic fabrication

• Binders
• Rapid prototyping
• Low-friction materials
• Lubrication
• Fill methods

• Powder design; powder density
• “Monster” MIM
• In situ non-destructive evaluation

(NDE)
• Sintering time reduction
• Press automation
• Demonstration mechanism
• Furnace design
• Gas flow modeling

DESCRIPTION

IMPACT ON GOALS

KEY TECHNICAL ELEMENTS

Develop 3-D forming

processes and exploit advanced

pressing, tooling, low-friction

materials, lubrication, and

fill technology

R&D PRIORITY

LOW HIGH

MARKET GROWTH

PRODUCTIVITY

TIME COMPRESSION

QUALITY

HUMAN RESOURCES

ENERGY/ENVIRONMENT

One of the major limitations of traditional press-and-sinter

technology is that there are only two dimensions of design

freedom, with the third reserved for pressing direction. While

some 3-D consolidation technologies exist (e.g., MIM, HIP),

they are not economical for the majority of components

produced today. Developing the capability to design and form

PM components in three dimensions as quickly and

economically as today's 2-D technology is a technical challenge

that will have huge implications for market expansion and

time-to-market. The degree of technical challenge in

developing 3-D forming technology is extremely high;

accordingly, a wide-reaching collaborative partnership

involving many different representatives from various industry

and related institutions is appropriate.

2
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IMPLEMENTATION
GOVERNMENT ROLE POTENTIAL PARTNERS

• New tooling materials and designs
• Isostatic pressing
• High-temperature sintering
• Liquid-phase sintering
• Self-organizing (“smart”) powders
• Better equipment utilization

• High-performance press designs
• Powder lubrication systems
• Press cost reduction
• Ultra-compressible powders
• Powder morphology
• Surface treatments

• Particle size distribution
• Powder fill and flow
• Sensor and modeling
• Die-less technologies
• Non-traditional pressing

techniques

KEY TECHNICAL ELEMENTS

Develop material and process

technology to achieve 100%

density while maintaining

dimensional tolerances and

cost-effectiveness

R&D PRIORITY

LOW HIGH

MARKET GROWTH

PRODUCTIVITY

TIME COMPRESSION

QUALITY

HUMAN RESOURCES

ENERGY/ENVIRONMENT

• Champion for new forming
technologies

• Matching funds for projects
• Promotion of fully dense capability

importance to government
• Provide system-level view to

ensure technology can be
implemented in real processes

• Provide testing facilities
• Technical and financial resources
• Cost-benefit evaluation

• NIST (ATP), DOE, NSF, DOD,
PTIA, Ben Franklin Technology
Center

• Funding of lubricant,
morphology, etc. studies

• Provide neutral, industry-wide
platform

• Access and coordination of
national laboratory expertise
and testing facilities

• Assistance with risk mitigation

• MPIF, CISP, PMRC, and other
industry groups facilities vertical
collaboration among PM
companies and with end-users

• CPMT–Facilitate horizontal
collaboration

• End-users willing to implement
newly introduced technologies

• Other industries using pressing
technologies

• Universities
• International partners

2

The density and residual porosity of a PM component play a

significant role in its quality and performance. Achieving the

highest density possible is normally the goal, because as

density is pushed higher the metallurgical properties of the

structure approach that of wrought metal, which is considered

fully dense. Not all current PM applications require full

density and accordingly PM components have been successful.

However, as densities are driven upwards, larger percentages

of the overall fabricated metal products market can be

overtaken by the PM industry as the economic advantages of

PM processing techniques are applied to fully dense

components.

2

2

2

2

2

DESCRIPTION

IMPACT ON GOALS
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IMPLEMENTATION
GOVERNMENT ROLE POTENTIAL PARTNERS

• Material classes
- engineered materials
- fine powder/nanocrystalline
- magnetic
- biocompatible
- functionally gradient
- multi-material systems

• Thermal/mechanical approaches;
matching thermal expansion
characteristics; thermal sprays;
thermal compatibility of precursors

• Powder fill technologies
• Fine/reactive material handling
• Gradient blending design tools
• Suitable material combinations

• Functionality confirmation
• Feasibility demonstration
• Critical performance parameters
• Sensor technologies
• Spatial controls
• Environmental factors
• Standards development

KEY TECHNICAL ELEMENTS

Develop new materials,

processes, and material

combinations to create

new material capabilities

R&D PRIORITY

LOW HIGH

MARKET GROWTH

PRODUCTIVITY

TIME COMPRESSION

QUALITY

HUMAN RESOURCES

ENERGY/ENVIRONMENT

Cultivating new material capabilities is essential for the PM industry

to expand and diversify its markets and realize its goals, particularly

those relating to market growth. Specifically, material capabilities in

the following areas are sought:

• fine particle/nano-crystalline powders and associated handling

technology

• totally engineered, or "tailored", materials that put the right

material in the right place

• multi-functional and functionally gradient materials

• magnetic materials for power systems in alternative vehicles

• bio-compatible materials

• composite materials

These developments will not only open up new market segments

that hold promise for attractive profits and growth, but also help

serve existing markets and customers by offering a broader range of

components with advanced performance. Each of the areas of

materials focus is strategic in that it capitalizes on the unique nature

of the P/M process (namely, powder-based part formation).

2

• Identification of market needs
and applications

• Provision for resource integration
and systems perspective

• Information sharing
• Powder producers

– High-quality, specialized alloy
supply

• Raw materials development
• Economic analyses
• Sintering studies
• Standards development

• Test/pilot plant provision
• DOE–High-wear application

analyses (e.g., mining)
• DOE/NIST–Sensors & controls
• NIST–Materials characterization

and modeling
• NASA–Multi-functional materials;

thermal barriers
• DOE–Materials applications
• NIH–Bio-compatibility studies
• ATP
• New material needs surveys
• National laboratory research

• OEMs–Needs identification
• Non-traditional OEMs (e.g.,

bioengineering firms; university
hospitals)

• Universities/research laboratories
• ASTM
• Component producers
• Sensor developers/manufacturers
• Automotive, aerospace,

biomedical, and
telecommunications industries

• Equipment suppliers
• Venture capitalists

DESCRIPTION

IMPACT ON GOALS

C=
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IMPLEMENTATION
GOVERNMENT ROLE POTENTIAL PARTNERS

• National testing facility
• Modeling verification
• Modeling expertise capability
• Net-shape manufacturing

• Sensor needs assessment to
understand critical parameters

• Software development
• NDE diagnostic tools
• In situ online sensors

• High-temperature, high-strength
sensor materials

• Database development; data
collection for large-scale processes

• High-temperature sensors

KEY TECHNICAL ELEMENTS

Develop integrated process

models, sensors, and diagnostics

to reduce process variations,

improving tolerances

and efficiencies

R&D PRIORITY

LOW HIGH

MARKET GROWTH

PRODUCTIVITY

TIME COMPRESSION

QUALITY

HUMAN RESOURCES

ENERGY/ENVIRONMENT

Taking advantage of significant advances in modeling, sensors,

controls, diagnostics, and information technologies will help

PM companies get the most out of their capital investments

and process configurations. Because the PM industry is

becoming more capital-intensive, measures companies can take

to improve productivity or time-to-market using existing

investments are crucial to success. Additionally, enhancements

in process modeling and control can help reduce variations in

the process, and thus improve dimensional tolerances and

overall process efficiencies. Such improvements have the

potential to lead to significant cost savings, increasing the value

of PM components to their customers.

2

2

2

• Model verification
• Process and parameter definition

(including sensor needs)
• Sensor technology application
• Test-bed provision
• Spark research interest
• Elimination of disconnect between

existing work in labs/academia and
industrial applications

• National laboratories (software
development)

• Provide national facility (e.g.,
DOE lab)

• Universities
• Sensor manufacturers
• Software companies
• CTC
• MPIF, CISP, PMRC, and other

industry groups facilities vertical
collaboration among PM

• Vertical collaboration between
companies and end-users

• CPMT–Facilitate horizontal
collaboration

• End-users willing to implement
newly introduced technologies

2

DESCRIPTION

IMPACT ON GOALS

C,
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ENERGY/ENVIRONMENT

• Data development
• Establishment of safe handling

processes
• Material test specimen production
• Testing methods development

TIME COMPRESSION

HUMAN RESOURCES

• Thermodynamic properties
• Metallography
• Particle properties/

characteristics

MARKET GROWTH

PRODUCTIVITY

QUALITY

LOW

KEY TECHNICAL ELEMENTS

IMPLEMENTATION

HIGH

• Static and dynamic mechanical
properties

• Chemical properties
• Corrosion properties

• NIST
• National laboratories
• Thermophysical data development
• Information repository
• Regulator for safe handling
• Reference for testing standards

• Universities
• Non-governmental organizations

as information repositories
• ASTM
• CPMT
• PMRC
• Other industries

- Ceramics
- Polymers and chemical companies
- Etc.

• Handling and safety
considerations

• Unknown/other aspects of
novel materials (e.g.,
biological, etc.)

GOVERNMENT ROLE POTENTIAL PARTNERS

Understanding the relationships between material

properties, microstructure, and component performance is

crucial for component manufacturers and designers alike to

be able to optimize a specific material or design. Particularly

as new materials and material combinations are introduced

into the PM material portfolio, these relationships between

properties and performance must be well understood and

characterized. The data must be readily accessible — such

data can be of significant use when convincing customers to

consider PM components as an alternative to current

processes used, but without such data displacing existing

manufacturing processes is difficult.

2

2

Conduct fundamental material

characterization studies for

existing and new materials to

determine properties, structure,

and performance relationships

R&D PRIORITY DESCRIPTION

IMPACT ON GOALS

C>
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ENERGY/ENVIRONMENT

• Resource integration/allocation
• New process and technology

development
• Cost-benefit evaluations

TIME COMPRESSION

HUMAN RESOURCES

• Total process automation
- production
- tooling
- handling

MARKET GROWTH

PRODUCTIVITY

QUALITY

LOW

KEY TECHNICAL ELEMENTS

IMPLEMENTATION

HIGH

• Sensors and controls to enable
closed-loop feedback control

• Reduced equipment downtime

• Provide access to national
laboratory capabilities

• Provide neutral industry-wide
platform for collaboration

• Assistance with risk mitigation

• ASTM
• CPMT
• PMRC
• Universities
• Vendors and technology providers

• Improved equipment speed
• Modeling of large and small

component production

GOVERNMENT ROLE POTENTIAL PARTNERS

Current PM processes require production to start and stop

for several reasons, including equipment changeover,

component handling, and maintenance. Such interruptions

in production hinder PM companies in their efforts to push

productivities higher while reducing time to market. Process

variations can also lead to quality variations and efficiency

losses. Working to minimize these interruptions will have

significant impact on several of the industry goals, including

the potential to contribute to market growth by improving

the overall value of PM components to both existing and

potential customers.

2

2

2

Minimize process

interruptions to move

to more continuous

production

R&D PRIORITY DESCRIPTION

IMPACT ON GOALS
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